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SUMMARY

This report is subdivided into four papers. ,The first presents an overview

and survey of the work carried out. In the initial stages of the work

a broadly based survey of metathesis polymerization of fluorinated monomers

was conducted; 4*0saquently more detailed studies of particular monomer

types were conducted. In th-'firstpa F rall the monomers investigated

are reviewed along with other systems examined in related projects.

-Ne osecond p -is concerned-withJ a detailed study of the polymerization

of 2,3-bis(trifluoromethyl)bicyclo[2.2.1hepta-2,5-diene, again relevant

results from related projects are included

The third paper-4i aed-wilt-, a detailed study of the polymerization

of 5-trifluoromethylbicyclo[2.2.1]hept-2-ene, and is exclusively the work

of this project.

The fourth paper is_ cnerzed with 2-trifluoromethylbicyclo[2.2.llhepta-2,5-diene

as monomer.
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Preface

The work described in this report was funded in response to
a research proposal submitted to the European Research Office of
the U.S. Army in March 1982. The abstract of the proposal is
reproduced below.

"The aim of the proposed work is to prepare and
characterize a series of new stereoregular fluoro-
polymers. The synthetic method to be used is ring-opening
polymerization of fluorinated polycyclic monomers
using metathesis catalysts. Some work has been carried
out in the Durham laboratories which establishes both
the feasibility of the proposed syntheses and the
possibility that the new materials will have
technologically interesting properties."

In the event the student funded by the contract, Miss Patrique Michelle Blackmore,
started work in Durham on the Ist September 1983 after completing her
undergraduate studies in Newcastle University. The progress of the
work was monitored through submission of five semi-annual reports and
this final technical report supersedes and updates all previous
documents. Miss Blackmore has completed the studies required for
a Ph.D. degree and has, at the time of writing, almost completed
the preparation of her thesis which will probably be submitted and
examined in September/October 1986.

The work has been successful and provided much useful and
interesting data. All the work has now been written up and
submitted to Journals for publication, consequently this final
report has been revised and edited to incorporate the comments
and criticisms of external referees, and the author believes that
this process has substantially improved the clarity of the
record and the validity of the interpretations presented.

The work divides itself rationally into four papers. The
first, an overview, summarizes the total effort of this group
in this field. The second concentrates on the polymerization of
2,3-bis(trifluoromethyl)bicyclo[2.2.1]hept-2,5-diene and, while
the major part of this work was done on this contract,
contributions from other workers, namely Drs. J.H. Edwards,
A.B. Alimuniar and B. Wilson, are included so as to make the
story as complete as possible. The third paper was exclusively
the work of Miss Blackmore and presents a convincing case
for the successful preparation of stereoregular flueopolymers
via polymerization of 5-trifluoromethylnorbornene. The fourth
and final paper describes work on 2-trifluoromethylbicyclo[2.2.1]-
hepta-2,5-diene, in this section a small contribution was made
by Mr. P.C. Taylor as part of his undergraduate training but again
the major part of the work is to the credit of Miss Blackmore.
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The project has successfully established the feasibility of
the original proposal. It is now clear that stereoregular
fluoropolymers can be prepared via metathesis ring opening polymerization.
We hope to be able, at some time, to expand this new field by
preparing and polymerizing new fluorinated monomers and characterizing
the products. Also we hope to begin a programme of study of the
physical properties of these systems and to try to develop an
understanding of structure-property relationships in these systems.

W.J. Feast
Durham University Chemistry Department
South Road
Durham, DH1 3LE.

August 1986
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PAPER 1

SYNTHESIS OF NEW STEREOREGULAR FLUOROPOLYMERS

AN OVERVIEW

osrw-e rev i w the osib 1 , ~t ie wh ih e-'c:-i st:D

e yn h t- fs E e or e ulIar f i~o~o:clyrners via r in-gcjOer"n'.

t z 7 r

fLn'r3t. i mcr:;ed .'- e r ia : - pe rti es a.nd croc e ss advan t z- g

C- t - W j -_ S a a L p t..no t I Zej yr-I t L t yp

o f' zat a 1yzt i n the syrt'hes is o f s t-ecoe.gul r hydr oca -bor

polymers. Since fluoropclymers display a wide range of' useful

p roper-ties it seems probable that at least some members of' the

categcry of stereoregular fluoropoymers will display

i 'Qes n proper t ie_-. Cons idera t ions o f thiLs kind l ead to the

::onc' -51 t'3 - th pr epara t io. o f well IICha r 5c tei i ze

S Z-,Z 1..-fPC O,:1 rocYMErS represnt a wor th'wh IlIae- a eh~ngje

3 Z:: nii r~- I; zjerz 3, n een Lrin,-wn ;

-, 3 thE sroe a Polymer i Zat ior Of a 1 enets

and has f';'un- some oomrner: ialI e::plcoitat ion . In recent years

, n ns ider3bl. 1-3e, fr3 has been e:> pended on attempts to understand

i'.e m-?ha 311m th I r 3ther unu-.via res t ior.. and to e:.:ainine

2,1 n w cc oea 'r t h-a ;r_2~

S r-iT1 j 3~ Ze; Sa_' t*
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ao:c. a:-. t hat a -wld :sne :P ;bti tucmnt; ca3,- be tce r tn<3

b -,j,: 2. liz r an' -4 j 2 ne:, coCubl C T, oalm: : 1 -,

r:2t ~ -:;~i§ t t:. J*-c dO hI tcn.d Ls fln the in tr

4-
a4r t -2' C- ate_!:/L syst.n

-e 4 - Gn - n - W

a;-e the e zf o5ur prnocr-sm are:-

I vl*.e JL S c~ acra -:)r iat noime rs,

:ab>emt a wide r an er- o f c 3 t lyas

i i /undAt i jucu s p)rDof o f the de ta Is o f poIymer-

A z- the progre 3s mace or. pci n i i IC The' lo-nger t er m

: oJ et Ive ,i;3, ,of: car us, toC s t ud the ?

characteri i!e d s t er e o reguar fIuo ropoiv me r S.

a (Monomers

Since bicycloZ 2i.l1lhepteme and

b i ycltot2.2.1lhepta-2,5-diene anid their derivatives were known

to und e rgo r in-j opei-in) jselvDImer iz:: , .on w ith a w ide? rane o f

cayss an d th r sr-uting polyorers have been the sub ects of

.T. n d i d S L ! 3 Zf.TL t 32 2 . itS 'I:)CI 2 j 1l>7.r'1 4 t W>

to b eJ n or Pr ogramme. P rior to the sta3rt of this s t ,dy, the

Z~~-~e ea CtCor. o f:-C r ,n at ed IIene'phIIeS W : th

:yo Isp-er-taci, ne5 ar-hj f lenr:-- had der- hrugh4 ineot.ata4

-o~.~entV, :eaoe d s rwt.:n r, he reoar t o - an

,3,. of - a ar-- md of oeta Dcr ef wer

thes fur !nzI.ted soyi cy7i-- al e-es and a so'ect; or,

f .l src tur ai types whi ch have been in--vestig,1ated IsG sho.wn In-
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Figujre I. An i I lustra, ive select ior. of, tb1e var i-?ty of

fluorinated derivatives of bicyclo[2.2.13hept-2-ene and

bicyclco[2.2.ll :epLa-2,5-dlien-e whicl, will Luridergc metatheis

pJolIymeriz ati on.
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f- r t -
- - - * ~ ..-- . - -re .. .. .- t -,- A r.a.'.

ad.t of fiornaed a1n are re,:r ent,d by the

zmcZb, ituted bicycloheptene (!: w w i' wch cramPletsS the f 5 t

row cf strctures in Fiaure I. Crossin] the first row fr:m Ieft

r.r t 13 accompanied by increasing monomer ccmple:.Ity. Thus,

. - ,-hi: r: f1Lor :meth.,'l )b :y .: 12 2 . p -2. =e- (' 1 3 a3

single compound: 2-tr iflucrcmethyl i:vc l 12.,2.1 ] h pta-2 . ,er2 n

( I I ) is chiral and is producea as a racemic mixture; and the

5-.substituted bicyclo[2.2.1 Iheptenes ( Ill ) can display the

additional complication of ex:o-/endo- isomerism, almost

invariably the product of synthesis is a mw:tire of both forms

and sicr.e ttey ate t '. racem c the monomer is usual y cua:nec

as a mi:ture cf Ju" compogunds. Such m:tures of isc.rer5 are

Lii 'S.. d: f ', j: ts oei-, ate; h'cwever. th-
, ,  

ernd - ;r

* - .crcnr. f>:t t . rn,-r2thv:lh,':c-W?.2 V 2-? '':..[, srI!

r:s-ect"" ',!' ocw-,irc the se:cnl rcw cf F, ;ir4 ' a'-I OPe[.

ary2 derivative swn in the third row wre ot; ,e e.t-er a;

6
the 1eIs-Alder addict3 cf etraf omobencyne 'V and V:

b y dehydrorenatior, 1 f Le s j-:ct <'X 2' of

y.ethe-a s' Vest --- eny,' with per f D::L-u:t -2-/r. e

b 7 Y ' a t,; . . . -.-.. c syr.c-: :

b-3'clymer ic1t1 n

All. the m:r.:,cer- S-c. :e n ?11urie I 2 ndersc : .7.72, er;

p, tymer~zaticr in toe pre~eC ce ofat apamoprisate .oetatle.maw

z.- ", + 1
a a'yst . .I, t-.e Iz Ze' : Je e s i tYs a .r t' " t-•

T,- --- we ha-.' mde Wt 5 2 3s:. : . in, s w: . "

acc2 as aoetne , ohlcrc fc m -- , -e .h' _ cut £cme
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a.,Opt25 d.-Enla'!el unusual tbeh '.i :ur "re.am.e

poly' ,4-t -5ei,"t.o-o.lkyu.--.:!sF=rtylerne:Yinyiene& V ~h..~
- 1- c r<-~ .E

heptafluorobuterate, whereas samples of the ,cy.,e- of 1,

pc I y , 3 , 5 - ( , 2-b i S f f :" uc r ,ety. C rent n, one ,r.' ne

prepaed u in; a tungsten based oata lyst were s lble in

methanoi a; well s II s t us;;- range Cf commr.n CI-vnts w.,

saImhp.e prepared using molyodenu,. bised catalysts ware ions.zlui<l-

in methanoI and only sparincly soluble in other sol.'ents. We

have carried out gel permeation chromatographic analyses on most

of the polymers and the retention volumes observed were

equivalent to those of polystyrene samples with molecular

weig-,ht; in tho I0-OC to 10'0, range with mclecular weioh'

d i'._t:c ger, eral ly in the ranse 2 to 45 These

io.r' . :n: show th;.%
' 

fh:; aFrroch *swve' scoass tor a carse of

new nsr or i lghtl; r. rn-he, flcrIcsl:,mers: the rs, t

o,,f thes ne , n a :ls or ;- d ,r , I . -- .

a p; eent is eStab' shna S ter tctu, e .

c- iPolymer structure

The outcome of metatnesie a ir- g open.in,g .popeerI,- e. ati on e

, )m r o,:net- ad - Oy.T---t ' n .

I-,-r -t 1

.- [L. , 7; 
- '  by ,: T.,-a T t ,; ]e .]e 9''% _ 3 Y7J.D[ i, C 1 7 a3 n C'

2,7-

w . -, ,A

w~t', t'-: z:;e f i , i : <- ,,,: := " it re :e F =.:GA
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A:.kiwr,~:;~y~~ has- chi;~ cc.-.,-: .t3 T<:

cartbons and conse- uently there can be meso or raesin> dvad7:

>vi,*ng rise to, syridiotactic. an-d sr, A~ctir .. ciya.erc. Fy n.

polybenororbornaiier.e has two chirsl' cent res per repeat 1-n!

3nd a v.inylene ur-.it which oar- a 7oo or Zstroh.:.3;-

re3u!L this polymrer can, in Princ.ole, give rise tz ou

distinct stereoregular homopolymers. In thi~s particusareste

there is a further distinction between the Kinds of polymers

accessible from the two monomers in that the orientation of tht

aromatic rings in the polybenzonorbornadienes is rigidly i

with respe~t t the pisrbazi bone whereis in

t'-e ! c i s f-Ee rotst ion bo t the cioobcn w .I-' I ;nl te

phery . p t cu t h th b -i bor- e . When, the monc m F'r i

n3 Y, n me::~ 5 3t:A J th s1eiLn e furh -

e , i-i .loeY s-r, t:-s zcn s -uencoes o thiis can seer. '-

considering the propagation step depistej in Figure 3.

:57'n ~,. ~ ~ :tms.~jiI y.o-

hav,: an H? :.r a- 'R a,, oon:'s

.0 son ir T, --- -, -j ' : r a 2 Z 2j - .,,I'- a

M : a, z r;.m Chsrmrv 7

-idoia f t- nt ways i.whi-h a p.' en,---C

e::c-mc'ns.Der :.the type- depi.ctcd in Fi ur e 3 may be ins:crnrate.

-- ~ ~ : r, - ---- -- S-7 -a- -T-- -

w,-m~~s y be f -ur;d a - erndf!e::o mxTA~e t he Mvn 1- e r D~

possible assembly modes is in prasti:se considerably higher than

that . Cle.3rIV the analysis of such potentilal ly comp! i atPd

&
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syntems wil be dif fIcult aId it ts dsirabIo t3 simp If,{ the
trhb' 31 a; r a e po3s;ai. . ethe- ," s up -.- c.f

withcu. inm-ar:, ,--c se.Jaratiru e ",-- s'~d e :)-.iT>3r 0,< : 5 :- ?: ,

catalysts which selectively polymerize cne i-omer of a mi-:ture

when separation proves impossible. This approach is, in effect,

following the example set in earlier wcrkers' studies of related

systems.

c" t ac. ja i h V:,
.= .

t= - truc:tu r ez - :uc 
. .  

i r i r- d ca°l v.te rt

or:d-,ced i-r t h : ra. r e is he . -erd rt zr. d--t i ! d

a na. v i y c h f Ir r nd . r< .e 1 n ;

Y7--. -1 3- - - - -7, JW

t .. cii - , .: .. a :.e i .3a e c tra th e m o s t

useful data is generill derved f:m thje out-cf-plane C-H

bend:n mc-des at 970-m 'E vinvlene) and 730cm (Z vinylene' but

t.at th.e . e abz r /cu Sr
- 
rict a-wayc a.Je- ateI' s'::'

4  
crn

. r - A I .. - . -. . as .a ha t 3 oetw l s bee . deS-ed

- . . .-m s,-U nit. -sp -. r-a, c.', f.. .. ti n-tnt - ; f S' jir-at, ,,

37--

ir a a - - - - --Ana s ny 2 - -

: -r --s 7 ',. = 4'- .r:- t '_r.- - - _- - at.- - - - ; =, .,.a - - - -.-, . . .: : n

Sr ":,' : :,-- .. a - .
.  

_ -' r. , -. ,.', ,- s ? a,..: r

v:a a-. ansi/ssi ,uf trh. na : S,

f 3.urabe ca Mse - r. tor1atia- c ncern"in'- t 1ct city car also be

13- _ - -- - - , - -

a .',i- the a-cw n, r.t cf at : lym - r; i t n 3 7,

waeras there is usually some amb:,guIty about the ass:3nment of

detailed micrc-structure in more re,;ular polymer-.
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in the in it a! s tage: -,3 t-.. oc-,ap amme we? h ave B~oes

to screen. a wide ran.>- of both monomers and cata lyis;. ThiE

mcnorner types haebeen descrie abcve . The- cat'a lyoits used? were

WCI6 alone or activated with Ph 4 Sn., ( 4:,H9 )4 Sn, (CHa,)4ItSr., or ( CHI3

)AlCl; (CO) 6 W=C(OCH.3 )C6H 6with and without TiClactivation; McCl5

alone or activated with Ph4 Sn, and (CH 3 ) +Sn; 05013 ;irC I&(CFC-

0CO; RuCI ; ReC1e.

We have not, as yet, foDund a catalyt/mrnonoDm-r- system in,

which ew:clusivelv cisc comccnent. cf the m:;nome2r mi ture is

polymericed altho2Ujh the-re iS so3Me solrt../Ity in1 acre casro.-

Thus. pcveCzt.n..'n.. .. -

2.2,.4,.5..6-ctauorcr~c:>o9. 2,63 Idec-t 3-ene, the

Dials-Alder adduc.-ts of yooetcnew''h perfiucrproce ne snd

~car~ir::y: ~--. 3 
.tejoive' Y. wzmh- cata~yst; e edf:2

4 io

r~c~ ____ dsme I~t of 'T. ae: arn r j

*~2 .. 2.r1

- a :3,:.3U - - - - -

most t..It; s3t the remo ct e CT ano- te s,.ilj ha-g ve a

Prcnounced effect on the coulrse of the opat nreaction,

.....................- .-Z en:t'e oj:: zr~ f t:-.e4, -:az

thedoor ~z rtesof hedob> bod both ecs r

passible but would be e:c:pected to be small. On. the other hand

sub-,t ituen ts mvay be e:.pec ted t o have a pro found e-f fec t on, the
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... f rma i- _ ,::.;;iti- tz. Vm.t: cc :: 1;. : .. . .: -. "--

;:oI I 4;n -7 . C .- :n

cc:, nerY f.at is:. cf ;,. 3:z.u:.i ST.T m. >,7r Z: .. 1,

has so far eludej ';S

Polymerization of the simple symmetrical monom r I V:

VII, and VIII has beer. investigatej with a rano'e of :t A y- '3.

most work having been done with the WC 6 /(CH 3 ).Sn and MCl1,2-4

)Sn systems. If, as is genera l ly accepted, ap'.z : : .-

r ooaOst r har end mptil cacbene or t ' oCy-- ' -

from the e:0- '- of the moCr.cme we mn - .

there wo-,. .  
b.:. - - Att '

.. 
--.. ..... r _ot_: -s'e,_r ' / [ . ~. . ..""" "

thct rcrc cc WC' 1-2d

might be mc.re stcr :a de-a ..........

justified in the cse-rve pr--sc:t c f 7- r..

different polymers; thus, 'Dr 1, V , d V - 3'.

-: aly t -n '3t:Sbty} C ". C t < - -.. .. -.-], w e -=} W '

' ~ ~ T mcccr

;q.*;e - - .ny . n ,4ne7 . ,- - " ' . <-- .- 7 - . "

-, .'- . - -. , .

n t .n t w i e-. e t:-_ . - .e

etff-ts or t ac icit'Y e' rt r -

When te pc'.ymer iI b ns

different catalyst system4 are uc's . the res-t- wth

respect to Z-vinylene ccntent, are generallv very s:ml3r....c,:

observation supports the hypothesis th.at it. these ncrbcrnadien ?
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%cri'attve s sib t ttrert :rnts f.-- : _r d cci- b-, e -..

reatir. have tte effect an tb _--_ Cf the r ac.t n:

however, there was one ancm, oua result in that mcncter A c-:1

not be polymerized by ReCIS in any of several attempts, athcuch

this catalyst gave a fclymer with a high Z--vnylene content with

II. This may be a consequence of steria effects in the

Pl p2 at icrn st;: or d' ffer in] s'tscept l a i n.:om Z~flmi t o m

> tc ; c , C 1 y.:n' ;1 ti : , b'y a fM::." Io, '.7 i r. -,

rcy ir. the c e o, the 7 r-v. "' 3- rd V wjc c!

. .T, Z, 5 e + - 1i C ?r-.c - , n . . . , ., . .

T / . t Y ;v- Zy 1 7t 2 : 2 1 r ,:z < ., - . . , z : ' .

~c t; .- C) h.- gICu a .. im-. ;r= en2: r n 3
t9

- y -7 . . . . . -. '-,

Cj I L I ' - ' f l'.7>. . . -

efect of the gcca at the n - : . -

. a F '.m , -n-<i: ,- d. F: t ' L r cc,.< . :-. i t F, ii. ,n i i . E v -. - e

Ir tjr' 119- . :c , m e ::; .. ? > -- TT u T a r .m r
"
-n

I- .t, P. %. 1 . .

A
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using ReCCI; as initiator no splitting of the HH vir.vlene carbon

resonance was observed even though the steric compressions in

the high Z polymer would be expected to be greater than in the

high F material. This last observation is, of course, consistent

with the hypctheois that the poiynenizstion of IV t- FCi-

r,_t in a h&)g. degree of sten-eore-pls[tian, elthc.rjY it does

a t e ; s 3 aIz t 6 . p ,:t . .C, r eL i . I.- .;-.I ... . .. . " .. _ ..a.

w r. a r a-' .- _ o f met athes -a cc t yst s, reant o a c n -r a t the

:n s t t.te ,-b e b-nnd t generate a ranr' of nw eia- or

.......................... ........ nd f ixcrc:rmsr;... [. ................. -.......-. i -

. .7-1

. 1 .i .y~t sy t-?rn a itrn -. E-bt it.;_K<-. 7. LI S..? n, - -. -..-

i :7. 2 1L 1 '. tZ .t .--' <..t 4 .: - " i.- -.. ' 7 , A . . " 7 -

=. ...... .............--............... € i . . "'..7. h-

- - - - --.......--
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PAPER 2

THE RING OPENING POLYMERIZATION OF 2,3-BIS(TRIFLUOROMETHYL)BICYCLO[2.2.IIHEPTA-

2 , 5-DIENE

Summary

The polymerization of

S2. 3-bis(tri f luoronethyl I)bicycIo( 2.2.1 -epta-2, S-diene throuj h th.e

agency of catalysts based or, tungsten., .iolybdernum ind rujfhenLum

c,:mpounrms q ires

)Oly( ,5-( 1 2-bis- tri fluorcTe.?thyl ,-yc- ?nt ivlsne)vinylene); wit.,

iy nj pro port, n f c; v iny ene -.nits. AnaIys i of the 1cfrf. r

-nd high field 13C-ntmr s tie tra of the J ffer cnt poly.nea- I : z -D ,;t t

with the hypothesis that catalyst3 base- on WC1 6 give a polymer wit. a

50:53 random distribution of cis and trans vinylenes, those based on

RuCIj give predominantly trans vLnylenes (ca.70%), and those based on

MoCI5 give a hi-jher trans vinylene selectivity (ca.30%).

INTRODUCTION

The recognition, study and exploitation of the stereoregular

polymerization of alkenes is one of the more notable achievements of

polymer science. An ability to regulate the fine details of

microstructure extends the range of materials available from a

particular monomer, and frequently there are spectacular differences

in properties between a stereoregular polymer and its atactic

analogue.

Despite their relatively high cost, a number of fluoropolymers

have shown sufficiently unusual properties to justify their

development and exploitation.

In the light of the two preceding observations it is rather

surprising that the literature contains relatively few references to

stereoregular fluoropolymers and, to the best of our knowledge, no

examples of the genre are produced commercially.
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Stereoregular polymerization of vinyl monomers is usually

achieved through the agency of Ziegler-Natta catalysts. A closely

related process is metathesis ring opening polymerization which, in

favourable cases, can be shown to give totally stereoregular

materials.

We became interested in the possibility of making stereoregular

'0fluoropolymers a few years ago, and this paper is the first in a

series in which we will describe the results of ou, investigations

into the synthesis, structure and properties of such materials. We

choose as our starting point metathesis ring opening of polycyclic

fluorinated alkenes and related monomers. In our first publications in

this field we reported that partia~ly fluorinated

bicyclo[2.2.13heptenes and -heptadienes may be polymerized by ring

opening at the unsubstituted double bond with a range of catalysts

to
derived from WCI$. To extend these initial observations to the

synthesis of stereoregular fluoropolymers required that appropriate

monomers, catalysts, and reactions conditions ,were found, and that

unambiguous analytical criteria for polymer microstructures be

established. Thus, for the generalized structure I undergoing ring

opening at A to give polymer 2 (see Figure 1), complete definition of

the microstructure of 2 requires: the distribution and sequence of cis

and trans vinylenes; if ring B is unsymmetrically substituted, the

distribution and sequence of head-to-head (HH), head-to-tail (HT), and

tail-to-tail (TT) assemblies; and the distribution and sequence of

meso (m) and racemic (r) dyads (the allylic carbons on either side of

the vinylene unit are chiral and may have opposit? chirality giving

meso- or m-dyads and isotactic polymer, or the same chirality giving

racemic- or r-dyads and syndiotactic polymer). The stereochemical

relationship of RC to the allyl-vinyl carbon-carbon bond also requires

definition in the case shown in Figure I.

l
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Analysis at this level has been completely establicked for a wide

range of methyl substituted nor.ornenes and reported in a series of

I'

papers and a recent book. It is now clear that the detailed outcome

of this type of polymerization is a complicated function of the

structure and concentration of both the monomer and the catalyst, the

solvent, the temperature and even the sequence of mixing (see chapters

]1,12 and 13 ref.] ). For example, the polymerization of norbornene

with tungsten based catalysts leads to polymers with cis vinylene

contents varying from 95% to 39V. In order to simplify the possible

outcomes we decided to lool. first at the polymerization of

2,3-bis(tri fluoromethyl )bicyclo[2.2.1 ]hepta-2,.-diene (3), since this

symmetrical monomer cannot give rise to HT,HH and TT effects and there

are no complications from exo-/endo- isomerization.

EXPERIMENTAL

General. Standard vacuum line, inert atmosphere and dry box techniques

were used in all operations involving solvents, catalysts,

cocatalysts, monomer and polymers. The inert gas was nitrogen, the

laboratory supply had <lppm 02, the gas was dried through liquid

nitrogen cooled traps and circulated via glass or metal tubing,

flexible connections were of nylon tube.

Solvents. Toluene was dried over sodium in the presence of

benzophenone until a permanent blue colour was obtained, and distilled

as required. Chlorobenzene was refluxed over P2 0S distilled.

degassed and stored under dry nitrogen.

Catalysts and cocatalysts.WCl6 was prepared from WC 3 and

hexachloropropene, stored and manipulated as described prev~ously.

TiC1 , RuCIj, OsCl),(CH )3Sn, MoCIS, ReClsand (n-CHq) Sn were used as

supplied. (C6H 5 )4 Sn was purified as described previously. Aluminium

alkyls were supplied by K.Wade(this Department). C&Hs(CH30)CW(C0O)5 was

prepared by the published route.
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Monomer.2,3-Bis(trifluoromethyl )bicyclol2 .2 lhepta-2,S-d erne i: a

known compound; in a typical synthesis hexafluorobut-2-yre

(33.9g,209mmoles), cyclopentadiene (13.8g,209mmoles) and hydrncjuincre

(0.05g) were sealed under vacuum in a Pyre>: ampoule (ca. 15mi) and

left at room temperature for 24hrs. Previous reports advocated a

period of heating; however, we observed that the reaction is

exothermic and the initial two phase mixture generally became

homogeneous overnight, on the rare occasions when we observed two

phases remaining after 24hrs. the ampoule was heated to ca. 100'C for

a further 24hrs. to ensure reaction. Monomer 3 was recovered by

fractional distillation (Vigreux column. 1cm, I Atmosphere, b.r.

120-122C)as a colourless liquid (38.5g,169mmoles.80%), this synthesis

generally gave 3 in yields between 70% and 98%, the product was almost

invariably contaminated with a trace of cyclopentadiene which was not

removed by careful fractional distillation. Cyclopentadiene is a

poison for some metathesis catalysts; however, we have found that when

3 is stored over maleic anhydride and filtered through a fine glass

sinter prior to use, satisfactory "polymerization grade" material was

obtained in which no trace of cyclopentadiene could be detected by

high field 'H and °JC nmr or by gas chromatography. The OH nmr

spectrum of 3 recorded at 300.13MHz showed: an ABqdA, 2.08;68 , 2.26;

JAB ,6.95Hz with A limbs unresolved (FWHM-SHz) and B limbs as triplets

J= .4Hz(2H-7); a singlet j , 3.90 (FWHMr6Hz) (H-I and H-4t; and three

lines centred at A . 6.92 ppm wrt internal TMS (J:1 .95Hz) (H-5 and

H-EA

' S

iif

Cr 3  NCF 3

The proton decoupled a C nmr spectrum recorded at 75.47MHz showed

signals at 53.3 (C-7), 74.0 (C-I .C-4), 122.9 q (J=270Hz) CF 3 ,  142 9

(C-5,C-6) and 149.4 m (C-2,C-3) ppm wrt internal TMS.

a
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Polymerizations. Polymerizations were carried out using a t,4o necked

round bottom flask as the reaction vessel. A teflon coated stirrer bar

was included and the contents were stirred magnetically in the initial

stages of reaction and during dissolution of products. Generally both

joints were fitted with three way teflon taps and connected to the

vacuum and dry nitrogen line; sometimes only one neck was connected to

the line, the other being closed with a rubber septum seal. All

flasks, syringes, sinte -s, etc. were oven dried and stored in a vacuum

dessicator prior to use. The monomer, solvents, catalyst solutions,

and cocatalysts were introduced into the reaction vessel using

gas-tight syringes; either by inserting the syringe needle well into

the flask via the bore of the tap and against a counter current of

nitrogen, or through the septum seal. These experiments have been

conducted over a period of eight years and several sequences of

addition of the various components were investigated and various minor

modifications of technique were used; for the examples reported in

Table I these variables did not appear to have a major effect on the

outcome of the polymerizations, there was an element of variability in

the yields but product structures (see later) were not significantly

changed. In most cases the activated catalyst was prepared in a

separate flask and transfered to the reaction vessel using a syringe;

in the cases when there was no polymerization the efficacy of the

catalyst was checked by injecting a sample of the same catalyst intc a

solution cf norbcfnene, all the catalysts mentioned in this work were

effective in polymer izing norborrene by ring opening . The

polymerizations were terminated by addition of methanol. The results

of a selection of these exoeriments are recorded in Table I. Most

samples of polymer were soluble (CHCI3  and/or (CH 3 )ICO) and were

purified by reprecipitation into methanol or pentane. The samples were
,$

characterized by infrared and C nmr spectroscopy. These materials

were obtained as white granular precipitates, they could be solvent

cast to give transparent films. They typically showed values of

-between 0.3 and 1 dl .g , for viscosities measured in MEK at 25°C.
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T;ble 1. Polymerizations of 2,3-bij(trifLiuororthl)bicyclo[2 2.1 lhe Pt
2,5-diene, 3

Expt. Catalysta Cocatalyst Molar Ratio Solvent b Temperature Timf Yield d

No. Cat:Cocat:3 (ml) (0 C) (hrs.) /

1 WC16  none 1:370 T, 10 RT 3 11

2 " " 1:200 C, 1.1 50 48 4

3 it (C6H5 )4 Sn 1:2:400 T, 10 RT O.S 70

4 " " 1:2:150 " 1 80

5 ...... C, 10 1 76

6 " (nC4 H 9) 4Sn 1:2:60 T, 10 1 75

7 " (CH3 )4 Sn .. 1.5 20'

8 WC16 /Na 20 2  (iC4 H 9)3A 1:3:350 " " 3 77

9 "1 none 1:1:400 " 1 ]0

10 C6 H5 (CH30)C=w(CO)5  " 1:60 48 0

11 " TiCl4  1:2:60 " 18 30

12 ". It 50 2 25

13 MoCl5 none 1:200 neat 80 48 2

14 (C6Hs) 4Sn 1:2:60 T, 10 RT 18 75

15 ( CCH3 ) 2AlC i I. i 74

16 (CH3 )4Sn 1:2:70 C, 10 " 3 70

17 " 1:2:200 C, 3 -20 48 20f

18 it C, 1 50 2 mins 25
e
1

19 "" C, 1 -20 48 2 gf

20 RuCi3 none 1:200 CE, 0.5 50 36 21

21 " t " CE, 2 65 65 30

22 "0 (CH3 )4Sn 1:2:-200 CE, 1.5 40 2.5 74

a) We were unable to polymerize 3 with OsCl 3, ReCl5 or ReCIs (CH 3) 4Sn although

the catalysts were active with norbornene.

b) T-toluene, C-chloroben:ene, CE-1:1(vol for vol) mixture of chlorobenzene

and ethanol.

c) RT-room temperature, roughly 15 + 50C. The polymerization was often

noticeably exothermic, no monitor of temperature was placed in the vesel.

d) After reprecipitation and drying under vacuum for at least 24 hrs.

e) Polymerization quenched at low conversion to id work up.

f) Insoluble.

g) Chain transfer agent, oct-4-ene, added to limi.t molecular weight.
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RESULTS AND DISCUSSION

General. The objective of this work was to investigate the effect

of catalyst and reaction conditions on the structure of the polymer;

however there are some points emerging from the data in Table I which

merit comment before we consider the details of chain microstructure.

It is clear from Experiments 1, 2, 13, and 20 that the single

component catalysts WC1 6 , MoCIg, and RuCI 3 all polymerize monomer 3;

but the Fischer carbene (Experiment 10), which initiates the

'5
polymerization of norbornene, was ineffective for the room

temperature polymerization of 3 without an activator. Neither OsCl 3 or

ReCIS polymerized 3 in any of several attempts with or without an

activator, this failure was not a consequence of the presence of

fluorine substituents in the monomer because related trifluoromethyl

substituted norbornenes can be polymerized by these catalysts (see

Part Ill, this series). It may be that some potential catalysts can be

inhibited by 3, which may possibly act as a bidentate ligand.

At one point we were concerned that there might be chemical

reaction between our catalyst systems and the toluene used as solvent

in many of the polymerizations, the components have Lewis Acid

character and toluene is susceptible to electrophilic attack. In all

our recent work we have used only chlorobenzene in order to avoid

considerations of this kind, however, experiments 4 and 5 which differ

only in the solvent used gave polymers which were virtually identical

'3
in structure and amount; their infrared and C nmr spectra were

superimposable and there was no evidence for incorporation of benzyl

residues in the polymers. The results of experiments I and 2 are

consistent with the hypothesis that toluene may play a role in the

generation of the active catalytic species when no activator is

present.

Molybdenum based catalysts showed a greater capacity than either

tungsten or ruthenium systems to regulate the vinylene stereochemistry
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in the polymerization of 3; consequently we made a more detailed study

of the polymerization of 3 initiated by MoCl 5/(CH3)1Sn. This catalyst

rapidly polymerizes 3 at or above room temperature to a high molecular

weight material which dissolves only slowly, the introduction of

oct-4-ene as a chain transfer agent (experiment 18) allowed us to

obtain a more readily soluble sample for 13C nmr investigation. The

objective of experiment 17 (Table I) was to increase the catalyst

selectivity by lowering the reaction temperature; the reagents were

mixed at ca.-50*C, sealed under nitrogen,and maintained at -20'C,

although reaction occured under these conditions the product was

insoluble. When oct-4-ene was included in this reaction (experiment

19) in an attempt to lower the product's molecular weight the only

effect was a decreased yield; possibly, at the lower temperature, the

oct-4-ene occupies active catalyst sites with degenerative metathesis

rather than acting as a chain transfer agent, The products of these

low temperature polymerizations have proved insoluble in any of a wide

range of solvents, yet it seems unlikely that cross linking will be

prevalent in these reactions conducted at -20*C in the dark but not

occur in the same system at 50*C under normal laboratory lighting. It

is possible that this insolubility is a consequence of the polymer

microstructure produced under the low temperature conditions,

unfortunately it also inhibits the investigation of microstructure by

is
C nmr.

Microstructure. The structure of polymers of this type can be

studied by infrared and nmr spectroscopy. high field solution phase13 C

nmr has generally proved a particularly valuable analytical probe. The

general considerations involved were indicated in the Introduction, in

the specific case of polymerization of 3 there are only four possible

assembly modes as indicated in Figure 2.
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Figure 2. Possible assembly modes for

poly( 3 .5-(1, 2 -bis(trlfluoromethyl)-cyclopentylene)vinylene);G C-H bond

approaching. 0 C-H bond receding from the viewer.
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In an earlier publication we discussed the '3C ramr spectrum of a

sample of poly(3,5 (I.2-bis(trifluoromethyl )cyclopentenylene)vinylene)

produced as in experiment 3, and concluded that the polymei had the

overall structure expected from ring opening polymerization at the

unsubstituted double bond and had a 54:46 distribution of ci5 and

trans vinylenes respectively (,-0.54). Since the proportion of cis

vinylenes 'Cc ) was so close to 0.5 there was some uncertainty

concerning the reliability of the assigned line orders for the signals

arising from vinyl, allyl, and methylene carbons. To a large extent

the assignments rested on analogies with earlier analyses of the

spectra of polynorbornenes and polymethylnorbornenes which had beer.

worked out by Ivin and co-workers. In this extension of the worl we

have obtained polymers of 3 with a range of values of or and as a

consequence cf this extra data are able to make assignments on a mcre

secure basis. The spectrum of a polymer of 3 produced using thc

catalyst RuCl 3 /(CH 3 )j Sn is shown in Figure 3, which also illustrates

the use of distortionless enhancement by polarization transfer (DEFT)

t6

in confirming the assignment of peaks.

The lowest trace is the normal broad band decoupled spectrum, and is

similar to that published previously (Polymer XII, Fig.1 Ref.10b)

albeit with much improved signal to noise and resolution: the middle

trace shows only those carbons carrying a single hydrogen; and the

upper trace shows carbons carrying a single hydrogen in the normal way

with those bearing two hydrogens inverted. Quaternary carbons do not

appear in these DEPT spectra and methyl carbons had they been

present) would have appeared normally in the ipper trace. The bands in

this spectrum appear to be fairly symmetrical but also fairly broad,

there is one interesting sign of fine structure in that the smaller of

the two vinylic carbon signals appears to be split into a doublet. If

the vinylic, allylic, and methylene signals are assigned as shown in

Figure 3, the computed values of &r , 0.36, 0.36.and 0.34

respectively, are internally consistent. In this assignment the line
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order for the allylic and methylene signals parallels that found in

polynorbornene and polymethyl norbornenes although the line order for

the vinylic carbons, with C-4(c) about 1.5ppm upfield of C-4(t), is

the reverse of that found in polynorbornene and its derivatives. In

the spectra of polymers formed by ring opening of monocyclic and

bicyclic alkenes the signals from the allylic carbons adjacent to cis

vinylenes are always found ca.5ppm upfield from those due to carbons

adjacent to trans vinylenes; the separation of cis and trans vinylene

carbon resonances is smaller, ca.0.4 to 1.5ppm, and the observed line

order is variable, for ex:ample in polyrorbcrnene trans vinylene

carbons are found upfield with respect to their cis counterparts

whereas in poly(l-pentenylene) the relative line order is reversed.

Thus. the assignments shown in Figure 3 are internally consistent and

in agreement with renults reported previously. Figure 4 records the

spectra of polymers prepared from 3 using the catalyst systems MoCI5

/(CCH$) Sn [4aJ and WC1&/(CHS) kSn (4b] at room temperature, the

resolution in these spectra is somewhat better than that in Figure 3.

We have obtained high field C nmr spectra on a variety of samples of

poly(3,E-(l ,2-bis-(trifluoromethyl)cyclopentenylene)vinylene) from

three different spectroscopy laboratories with good agreement in

otserved chemical shifts and with spectral resolution somewhat better

than that reported in our earlier work. Spectrum 4b displays the best

resolution and the highest number of resolved signals with lines at;

138.3 (q,J-2'HzC-5); 131.8 & 131.1 (C-4t); 130.5 & 130.3 (C-4c);

120.4 (q,J=270Hz C-6); 48.2 (C-2t); 43.1 & sh at 43.2 (C-2c); 36.9

(C-3cc) ; 36.4 & 36. 1 (C-3ct C-3tc); 35.5 & 35.2 (C-3tt) for a

spectrum recorded at 90.56MHz in (CD3 )2 CO solution with TMS as

internal reference. The multiplicities observed for vinyl, allyl and

methylene signals must be a consequence of small differences in the

environments of the particular nuclei. Thus, the four signals observed

for the vinyl carbons could be due to cis and trans double bonds in

meso and racemic dyads, or to cis and trans vinylic carbons with next
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Figure 4. C Nmr spectra of polymers produced in experiment 14 (Table

1), 4a, and experiment 4 (Table 1), 4b, recorded as solutions in (CD 3 )1

giO at 90.56MHz.
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nearest cis or trans neighbours; however, from this data it is not

possible to decide whether these differences are a result of m/r-dyad

effects or a consequence of vinylene sequence effects.

In Table 2 illustrative values of 47 computed from the vinylic,

allyl ic, and methylene carbor signals for eight samples are reccrded

Table 2. Fraction of cis vinylenes (o c ) for samples of poly(3,5-(1,2-

bis(trifluoromethyl)cyclopentenylene)vinylene)

Expt. Catalyst aCNO. C
No.

From From From Average
vinylene allylic methylene
carbon carbon carbon
signals signals signals

4 WCl6/kC6H5)4Sn 0.47 0.48 0.44 0-40

7 WCl6 /(CH 3 )4 Sn 0.47 0.47 0.45 0.46

12 C6 H 5 (CH3 )lC=-(CO) 5/TiC 4  0.54 0.51 0.49 0.51

14 MoCl 5/(C6 H5 )4 Sn 0.15 0.12 0.13 0.13

15 MoCl 5/(CH 3)2 AlCl 0.12 0.10 0.09 0.10

16 MoC15 /(CH3 4 Sn 0.15 0.15 0.10 0.13

20 RuCl 3  0.29 0.29 0.26 0.25

22 RuCl 3/(CH 3)4Sn 0.36 0.36 0.34 0.35

It car, be seen that catalysts based on tungsten gave polymers with

values of c - 0.5 irrespective of the cocatalyst or solvent, those

based on molybdenum gave polymers with o'c-0.l , and the ruthenium

catalysts gave products with . 0.3. The tungsten derived catalysts

13also gave the most complex C nmr spectra, the multiplicity of signals

being consistent with a more or less random assembly of the various

possible sub-units; such a result being reasonable for the reaction of

an active non-discriminating catalyst with a readily polymerized

monomer. Ruthenium catalysts generally give polymers with a high trans

content, the results reported here are consistent with this trend.

Molybdenum based catalysts have been reported to give polymers of

norbornene varying from high-cis to high-trans vinylene content so the

result reported here is unremarkable. It is clear from the above data
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that the most structurally regular polymer produced in this wor, is

that derived from molybdenum based catalysts, it is also clear that

the structural assignment rests heavily on analogy with earlier

analyses of related systems. We have attempted to put the assignments

on a firmer basis by studying the polymer structure as a function of

polymerization temperature, and by careful analysis of the infrared

spectra of polymers with differing cis/trans vinylene contents.

Monomer 3 was polymerized with MoCI 5 /(CH 3 )4 Sn in chlorobenzene at

temperatures in the range 20'C to 100*C. As far as possible all

experimental variables except the temperature were kept constant, the

reaction vessel was submerged in a constant temperature bath and the

polymerization temperature was measured in the chlorobenzene solution.

However, because of the small scale of the experiments, the

exothermicity of the reaction, and the difficulty of efficiently

stirring a mixture whose viscosity changed rapidly during the

reaction, it proved difficult to regulate the polymerization

temperature with any real precision. Figure 5 is a graph of %-trans

vinylene content as a function of polymerizat,on temperature for the

polymers produced in the experiments described above. The straight

line drawn through the points represents a least squares fit to the

data points, while it serves as a "guide to the eye" there is no

theoretical justification for assuming a linear relationship.

It is clear that the effect of temperature is not particularly mar.ed

in this system in the temperature range investigited. There is a

slight trend towards an increase in trans content with increasing

temperature, which is consistent with reasonable expectation and

marginally increases confidence in the earlier ,3ssignments- Lowering
the reaction temperature increases the cis vinylene content of the

polymer; at polymerization temperatures only a little below room

temperature the polymer becomes insoluble (see Table I and earlier

discussion) if the trend followed in Figure 5 is continued the onset

of insolubility must occur at a fairly low cis content, a convincing

rationalization of this observation is not immediately obvious.
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We have carefully compared the inirared spectra cr thin films of

polymers from experiments 7 and 16 (Tables 1 & 2). There are three

regions of the spectra from which imformation concerning cis/trans

vinylene content might be expected to be deduced; namely, the C-H

stretching region above 3000cm
"! 

where the trans absorption occurs at

a higher frequency than the cis, the >C-C< stretching region around

1660cmi', and the C-H out of plane bending region around 965cm'

(trans) and 
7
00cm- (cis). The spectra were recorded using a Nicciet

60SX Inter ferometer and are reproduced in Figure 6, 7 and 8.

Figure 6 shows the C-H stretching region, it is clear that in
.1

molybdenum derived sample the band at 3043cm (trans) is more intense

than that at 3022cm'1 (cis) which is in good agreement with the

assignment based on C nmr. Figure 7 shows the >C=C< stretching

region this is dominated by th strong -(CF 3 )C=C(CF3 )- band at 1682cm'

the shoulder at 1660cm " 
on the major peak is probably the -CH=CH-

stretching absorption and appears strongest in the molybdenum derived

polymer, it would be hazardous to attach much weight to this data

but,since this mode should be strongest for the cis vinylene, this

evidence tends to contradict the earlier assignment. Figure 8 shows

the region containing the vinylene C-H out of plane bending modes, as

in the >C=C< stretching region the picture is complicated since there

are clearly two overlapping bands in the trans (986 & 970cm I) and cis

(730 & 718cm-1 ) regions, it may be that in both cases both the bands

are out of plane bending modes for vinylenes in meso and racemic

dyads, in which case the Mo derived polymer contains relatively more

trans vinylenes than the W derived product. If only one each of these

pairs of bands arises from C-H out of plane berding, assignment of the

bands at 970cm" to trans and that at 730cm "! to cis units is also

consistent with the Mo derived polymer having a high trans vinylene

content. Thus, the overall conclusion from an analysis of the infrared

spectra is consistent with the assignments made on the basis of

13 Cnmr



35 -

-. 05 .06 .17 .28 .39 .53 .61

to

Li

0]-

I 0

©---3022

X n
N

0a

rr -

CD

r\J
00

m a

O*)

o

co-

RJ

o0



- 36 -

ABSORB(NCE
•0q .17 .30 .q3 .56 .69 .e2

cn II i I I

0

C

C C

(.),- C

o -'

(-n-

0

2-

In

m -



- 37 -

ABSORBANCE
-.55 -.26 .03 .32 .61 .90 1.19

0
0

o 9

cnn

o--

0~

rD
S0 -C

0 / , n-

o 0
a -0

C03- M r

rqcD

n _-,-

N 0

Cf0
00

*f. a --

o t

LnJ

0 to ,

0 oo

0

UM~ i



- 38 -
Conc lusions

1-Bis(trifluoromethyl)b cycl 22.2. I epta-2,5-diene 3 undergoes

riny opening poly zation at the unsubstituted double bond to give

polymers in which the proportion of cis vinylenes depends on the

catalyst used; tungsten based catalysts gave ,, - 0.5, ruthenium

based catalysts gave d--0.3, and molybdenum. based catalysts gave 7--

0.1 at room temperature. It was not possible on the basis of data

available to decide whether the simplicity of the '3C nmr spectra of

polymers with a high trans vinylene content was a consequence of

stereoregularity or simply the vinylene sequence effect.
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PAPER 3

THE RING OPENING POLYMERIZATION OF ENDO- AND EXO-5-TRIFLUOROMETHYLBICYCLO-

[2 .2. l]HEPT-2-ENE

Aanalvsi, of their- high field C. nayr spew ia le.a,, to the conclit1on, that:

the,, rina opernin polvoe.ri -at ions of eo5tihooehli~~[..i~r

e-ct with CsCl .and of the eno-sme ith t-C1 anI o. M r.ct -t5 4
CiII i X atactic pol Te-rM 'ccth a hihtia n- vi nvletle Content w- es t lie

poliNvoeri zation of the endo-isemetr with Th'C] Rive, a poleNer with '2-cIs

iines which are probably assembled in a stereoreeular manner.

I \TRJDUCTION

The background and obje-ctives of this, studyv we-re set ouw in the

first paper of the series. 1 A significant part of the present understqn,4 inc

of -:ereorevizlat ion in Ftetathe~is ring openina polyvmeriz:ation sai- obtain,-

zrc-dtai~dstruji's of the 1
C nr -,pectra of polNe-r- of rt

ai, r al ) , , - I- i,.j ir

i.re or ar o-it th 2

X Ir rptr I ~ m,~r

i th sna I I ;cint, o f Ui'Jiner and pvIit.Tii 1:1 cai:t- ~ree'ilv

\ / CF3 C!"CH, > CF

CF -

I endo I x

recovered byI distillation.
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The F n . m. r . sp,.ct rum of the mixjture. of is-ome-rs of I con ists of two

'-icnaLs at OeKO ppm (doublet '5,1F -15 Hz ) and at 66. 1 ppm (doublet - 15 Hz-

(.hi ft.s are upfield from CFCi , as; external reference] assigned to the exo

ei,1 ndo isc,,nr, respect ively. This assignment follows that geiven bY Cad and

Balthazor which was based on a detailed analysis, of thte hich resolution IH and

10fs;pectra. 4However, in previous analyses of 10 oFseta ffurnt-

monomners in this group we have used the generalisations of Stone, 5,,h o

as,erte that fILuorine atoms or trifluoromethyl groulps in exo, posit ions in

norborntene derivatives occur at lower field than those in endo positions,. ;ke

found Gaedle and Baithazor 's analysis of this particular system more convincirLc

and accordingly reversed cur earlier assignments. We have performed the

cvcloaddhtion under various conditions (Table 1), and found that the

proport ion of the isomer correspondinz to the 19F resonance at 6S,.O ppmicr-,,

rel at lye to that pivin!g the signal at 66.1 ppm both with iroreasin:! rt.-t 10:1

dirat ion and operatin!o tem perature. Ge.nerally in Diels Alder rcect ions thte

endo adduct is produced under condition,, of kinetic control whereas the

P ex, adduct i, favoured at eqiilibri um: th is observation is therefor(-

con~isTent with the. a-iatnmtnt of the isomer displavinc a F

resonaince at 01. ppm to the exo form, and the -sgnal at OC. I ppm to the en1do

form. Mhi le the current picture is (-Isef consi ttnt a chemical proof re-min,

de,.sj rable. since fluorine- subst itution often re~ults, in anomalous che-mistrY.

T oI., 1 : %ariaion it, the htii V1,,j of the I nr.rt.rtis

for- Monomer (1 I- as Fiinc tion of Xoe,: t on Cond it ions

Tem pera t ure 'Reac tion time-,.' ~F N.mi~ . nte--rat ion Yield,
days OS.O ppm 66.1 ppm

20 3 10.6 100 3
160 3 37.0 100 72

200 7 55-5 100 75



Separation of the exo and endo isort-e, by fractional distillation wa,

attempted using a Fischer Spaltrohr sY'.tem 0200/01 concentric tube column

(WO plates and very low hold up): however, although there was an enrichment,

total separation of isomers was not achieved. It was found that the isomers

could be separated by preparative scale gas chromatography (10 DNP on clite @

100°C ).

Polvmerizations

Techniques, solvents and reagents were as previously desvribed. The

results of polymerizations of I are summarized in Table 2. The product polymer,

Table 2: PolYmerization of S-trjfluororn-thylhicyclord..1]hpt-2-ee

Expt. Monomer Catalyst Cocatalyst Molar R.itio oolv, nta T,mp. Tme il

cat :cocat:monomer 0,rnI °C( Ihrs.)L-

A Fxo OsCl. None 1:200 0. 0. 40 12

D Endo o.Cl . Nro. 1:200 CII, 0.2 40 5 0

C !nJo M.oCI e4 Sn I :2:200 C, 0.2 PT 2 win, n

F Endo ReCI. Nent. 1:200 C10, 0.2 40 2 10

S- chloroeu.n: e, CE - 1:1 mixtue (v'l. for vol. ot .th.riol and ,h ore:, ..

r) RT room tmpterature, rochLY !5 • C.

inro 7etf:.inll . aiid drd i n L r v cu,- rI for 24 i:.. i :- . ol'i

in -cetor,. from ,hich trl pair i-t fitm . r for ri i-i rd .. '-d r: ).. ,lK

.e Fi re 1. The :lm,.:i ,I ,::l i.

ex cii ned aro recorded in Table 3.

YTib[, 2: El e': til \nalyses

Polymer nal, , -

C H

Found A ).7 .1

C .K9 .) ' I ,.

D 5 .4 5.0 :1.

Calculated A, B, C. D ia.i ;.' 1
B .-------
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R: S'LTS AND DISCUSSION

Of the polymers obtained so far from 5-trifluorcmethylbicycle[2.2.1]hept-

_-er;e' , that eiven by osmium catalysed polymerization of the exo i tomer gave tho

,simplet spctrum which is considered first. The spectrum and aa-ignmnts are

-.hwn in Fiaurl, 2, and chemical shifts are recorded in Table 4.

Table 4. 1C N.m.r. shifts of polymers of -trifluoromethylbicyclo[.
2
. 1]h ept-2-ene

Shift ppm , !A.-,i Enme'n

Endo. O-1 Endo, MoCI- Endo, Reel Exo. OsC.i
I5

13401. 
133.0 2 t. TH

133.05 '2, c. TH133. qu1 11.00
13;.1 i133.03 ,2, c. TT

133273.2 132.0k 132.60 'C2. t. TT

130.43 130.00 130t 1324 HH

130.20 120.70 3, t. HH

120.62 120.06 120.01 C3, c. HH

120. j2 120. ;2 C3, c, HT

120.10 125.00 12q.17 131.86 C3. t, HT

12.5 (q) 127.71 (q) 12q.2
q 

(qi 120.00 (ql

IcF I H 270 Hz = 277 Hz J_ - 277 Hz

%4t, (ml 46 (m) 46.0 im) 47.0 (q) -JC-F 24 5

43.50 3- 43.37 4 .04 .

43.30 43.2' Cl. t

41.00 41.75 41.52 07, c

41.47 c7. c

41.00 C7. c

41.70 41.53 42.14 C4. t

42.01 C4. t

40.21 41.46 C7, t

40.06 
41.27 C7. t

38

7.;1,".0337.63

37.36 Cl 4c

)7.05

,4.0 33.77 34.00 32.qo c6, c

33.43 ,,.42 32.10 06. c
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(CD,)2C0 at 90 MN: ith TMlS as internal reference.

a) The complete spectrum, b) DEPT spectrum s howing CH normally and
CH. inverted and c) DEPT spectrum showing only CH carbons.
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The reonance due to the carbon of the trifluoromethyl 4roup

i, e'alsily ditiri"Lki,hed :s a quartet at 120.0 ppm ( 277 Hz). The r(Iainir

e.i:" -,W ,! ,.t I , field a', ,,-s.-,ied to the vinvl carb n, C-2 an C (-3,

cor:,-pof n o,, t o TH, TT. 11H and HI ,nvirornmerit- (T-Ta l, H -Head %,ith H bein

the CF. -ni of th, repeat unit th e -,zinals are aiproxiatel'iuN l in

jnt,' itv wh "h i-~,, -~'~~ eit iith an e ul distr-ibuLt 0Z of the HH, HT, TT and TH

. l o - .If ct B, Y rd 6 -5 , u1 tiru,.nt shift ffcts for rhe CF, jr''Lip ar,

co . . id it , '' 1h1un that tW chnci shift di7 -,Lr'nc between tho TH in, IT

(6 1n* 6.(6- 18 i .e. 682 is th,' _.tme as the HIliT splitting (-( - , L. .

,): (61 sub-,titui ,it , c .t trin-ciit-d via .-,,e bonas and 6, via

deub)e bondi-

6 6,,

6 1 2 6 
6  6 '

CF, CF, CFF

Assembly mode T IH T4 HT

Carbon Number C-2 C-3 C-2 C-3

Substituent shift 61 " 6 6 6

effect

The magnitude and sign of the substituent shift effect is clearly of importance

to a reliable interpretation of the spectral fine structure. In Ivin's pioneering

work in this area using methyl substituents these shift effects are particularly

2

well documented; however, an analogous documentation for CF 3-substituents does

not appear to be available. The effects of fluorine substitution are often

large and rarely ea.,ily predicted. So far we have found only two relevant sets

of data:-
7
'
8

C 6F 3-CH 2-CH 2-CH 2-CH-CH 2-CH -CH -CH 2
-

31.4 20.6 29.7 29.7 29.7

H-CH 2-CH 2-CH 2-CH 2-CH 2 -

14.4 23.4 3.7 3 .2 30.5

a 8 , 6

e. -17.0 -3 -3 -0.: -0.
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C F -CH2-CH,-CH, -,H., -'01

31.)I~ 1 I. i23.1 ',2.7

HCH.,-CH -CH CE P 0., - H

15. 19.l)1 3 . u1.4

t, _3 -I 2 1.3

Thiw admittedly rath- 1 >:.1 ted dati le, r o a pr'e ic t L:! 0 a Iora, Aoin: i, .

shift for re-onanc., of culons a to a CF, a Nmall upfitl i .hi ft for B and

carbon resonance5 , an a r: iW unpredictabbl 0 effect. con,& "no v'ecaft 'allv

the vinvlic carbon, C-2 and C-3 we come to the conclu~ion tho th i fhi ts will

be in the order 0-2. TH: C-2. TT; C-S. HH; C-4C HT ,hich fortun ,.lv is the

same order as derived by vin for the meth l substitu,. vt-!c,- and rd P,

qualitative comparison of spectra possible. Thin coincid.no. of ihft pattern,

is remarkable when the usual differences in electronic effect a--ociated with

CF - and Ch3-groups are taken into account. The TH 'TT shift difference in this

case is 0.6 ppm and the HHHT splitting is 0.63. This analysis of the vinyl

carbon resonances is consistent with an a-,ijnment of the polymer as all trans

or all cis, since cisi'trans isomerization would double the number of resonances.

However, infrared spectroecopy (Figure 1, AI allows an unambiguous assignment a,

all trans. The C-H out of plane deformations for cis and trans double bonds

-1
occur at ca. 730 and ca. 970 cm respectively, these can be us eful providing

there are no interfering bonds in this region. In the i.r. spectrum of this

polymer there is a strong signal at 970 cm
- 

and a vanishingly weak signal

at 730 cm-, confirming the all trans assignment.

The methylere and methine signals were distinguished with the aid of a PEPT

spectrum. In order to assign these carbons it is necessary to conside(-r their

position relative to the trifIuoromethyl zroup (see above . The -ienl for C-7,

adjacent to the trifluoronethvyl group i, eaily idtatified by it, naultiplicity

(quartet -J 2. :. a consequence of its coupling to the CI>, croup. Slr. I1I

due to C-1 and C-4 are ai, ned as -hown on the bai-, of an expected upfield

0-shift for C-4. Sinil.rl the m.thyl.ne c irbon-. C-t0 and C-7 at. a -sig',e a-

-hown by analogy with th, -pTcvta of polynorbornen, and, the 1.'WC,,ted ,mll

tr fiold B shift of 2-i,.
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7~ -2 oir I. T i t 7 ohI ir. > slt 7 <.

i-'1ori.r ii-. piobablv to, -:;",11 to Ie- l v, the I1ii1i ertai n -,Crh,'.hatT

broeidnrd. Thu( intn-itv of ,,h --,tal in each pair is appro\imatr,-I. equ-'

conftrmina tl<t the number o! HH. hT. Tlt 11l11 TT juntion, is ,.quil . Inf- con, l-ion

of this l is th erfore thAt we havt a poly-mer with an all trans struttur,

and an equal distribution of TH, TT, HH and HT assembly modes. The remaining

question relates to the distribution of m and r dyads, and this cannot be

unambiguously defined on the basis of the evidence presented above. It is

po.ssible to write a st,-re-oreglar micro.structure satisfying the data tvailable, for

example: -

II

S trans-syndiotact i*

units from which

polmer repeat
unit is built

In this stereoregular structure, i.e. all-trans-syndiotactic we have equal

concentrations of e-nantiomers of exo-] incorporated an& equal numbers of TH, IT,

HH and HT assembly modes; but this requires an enantiomer selection by the

catily.t in the s(equence t--- which se'ems a little far fetched, althouwh not

i:-pos ibl -. We believe it more Ii elv th-it this poiymr is all--t ran- and

atactic an! that m and r dvii sianal, are' unr-,ol.Ped.

The spctra of the pol'.-trs otiined from the endo isomer are rather mor,

complicate.d. Howe ver. it is clear from comparison of the spectra and chemical shift,

i Table.4kthat OsiCI tFieure 3) and MoC1, (Fieurt. 4) Live polymers with (rv ,imilar

miro,tructur,,. which are- verv different from tix- nucrtnrn' obtaird fr- a.n CI fFieun-
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a s. i ,e d t o t h e r r a n s T H . T T . H H a n d I T . t a . o-i - r t r 1-. . : -, .l

to That used in the case d iscus .sed earl i, r altlm ucb t ( .r- ' ." ,' the sub-.: it t

s h i f t e f f e c t w o u l d b e e x p e c t e d t o b e d i f fe e t a s a r , -, A 1 t h e A f o re n t

stereochemistry, and it clearly is. This trans. assin; 'e2 F .vtcives tro:'n

support from the infrared spectrum of this polymer (Figure 1, 1) %,here ,, trong b.,r. ,

is seen at 975 cm
-  

(trans olefinic CH bendin and th , i, v .mtuaIl no

absorption at 730 cm corr spanding to cis olefinic C .U ben cinL. Th, -!1i
4  

i rn-

is also resolelv into two poa I, assigned to m and r dyads. TI. .- pIttinc can

be attributed to the HH assembly modes shown below uhich differ only in the

orientation of the cyclopntane ring. Normally, mr splimtinE of cl.finic carbon

resonances is too small to observe as a result of the insignificant difference in

S 

I
CF, 

CF 5

,- ircn- .nt bpr .n -4- two r .... Ho-xe', ,- in th- li " 0-y ,d tIr. 'o l. , 7 , srit.r-.

- tw Woc~ lo- 1, proxi,' r% 'u. in lh H77 AQ.:. thor 22 n~oly

- 'x ,i-. .' . 2, t h.,' t-.,,, .' - ;o 0..s A , th' ! ,- t Itant I. C), rt r22

This is ri-a n , le since for- the polymer deri ',e . ro tlt,- . - isom er the C F.

and . nylene unit, are tran-, on th e cyclop'ntane nu nimis -tnt strain lhereas for

polymers derived from the .rdo iKomer they are cis. The TH TT hernical shift

difference for C-2 is 1.31 ppm, and the H ,HT splitting for C-) is 1.1 ppm.
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F1~UP C Nrnr spe,-trun of poly (endo-4-triflucororeth vl-I, 3-cyclopentylene-
vinylene) prepared by OsC I initiation as a solution in (CD 3) 2 C
at ()(.S k[HO: with T"I5 as internal rcferenwe.
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These signals have slightly different intensiti, indicating thit while the

polymer is essentially atactic there may be a small measure of stereoeelection;

the earlier discussion and consideration of structural formulae would lead to the

expectation of a predominance of the less strained HHm dyads but the effect,

if real, is very small. Since this endo isomer of II with OsCI 3 gives a high

trans atactic polymer it seems likely that the analogous polymer from the exo

isomer (see above) is also atactic. A set of four relatively weak signals also

appear at low field, which are assigned to carbons associated with cis double

bonds. If the polymer is high trans, then the cis and trans double bonds may have

a random or blocky distribution. If the former is the case then the cis (c) peaks

we observe are, in fact ct peaks, which should have a slightly different chemical

shift from the cc peaks. If there is a blocky distribution, then the weak

peaks we observe should superimpose exactly on the cis signals for a high cis polymer.

In this case the weak cis signals seem to be slightly offset from the pure blocky

cis signals, indicating that they are in fact ct peaks, and that there is a random

distribution of low concentration cis double bonds. This assignment is only

tentative, and must be treated with caution since the small shifts involved could

be a result of solvent or concentration effects. The C value calculated from thec

olefinic carbons is 0.13, but this figure also has to be treated with caution

as the resolution is not particularly good and consequently the integration not

very reliable. Infrared spectroscopy would LuLr.st an e.n lower . The hih field

sionals are assigned by analogy with earlier arum.nt, as ,hown in FiZure 3. The

fine structure observed for the signal', i-, a result of either head/tail effects

and,'or the atactic nature of the. polymer. Th,- low intensitv simna l, correspond to

th,. high intensity signl] in the spectrum of d hioh cis polymr, and are

th.r,.fcre i result of ct:cbon a-ociatcd with cis doubl
. 

bon.k!. Hon-- %,, ct,

conclude that 0Cl. give, rie to a high tran, atactic polymer.

The spectr,,m obtained from MoEl c !tilyed polymerizaticn of endo-l ('iure

4) is verN similar to that of the polymer produced by 0s2l catalysis except
3

the weak peaks have increased in intensity and the resolution is not quite as good.

A lack of exact superimposibility of the two spectra may be a consequence of the

requirement to use different solvents.
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Figure 4. 1CNmr spectrum of poly(endo-4-trifluoromethyl-1,3-cYclopentylene-
vinylene) prepared by MoCi /Me Sn initiation, recorded as a solution

5' '4
in CDCl at 90.56 Miz with T.MS as internal reference. a) The complete
spectrum, b) DEPT spectrum showing CH normally and CH inverted and
c) DEPT spectrum showing only CH carbons.-2
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At low field the trans HH peak is again resolved into m and r forms. The

trans TH/TT shift difference is 1.35 ppm, and the HH'HT difference is 1.2 ppm,

consistent with values obtained from the high trans polymer obtained from OsCl,.
0

The relative intensity of the TH, TT, HH and HT peaks indicates that the polymer

has an equal distribution of these assembly modes. The weak peaks at low field

are assigned to carbons associated with cis double bonds. The peaks are not well

resolved, and the cis TH peak is not observed or is hidden by a strong broadened

trans peak. The ac value calculated from the computer printout for these signal,

is 0.12 which is lower than for the OsCl 3 polymer from endo I and inspection of

Figures 3 and 4 and the infrared spectra, Figure 1, B and C, leads to the

conclusion that this must be an underestimate or the earlier value an overestimate.

The high field signals are assigned as for the high trans polymer, made via

C Cl_ catalysis, and are consistent with an atactic polymer.a

Hence we can conclude that MoC1 5 gives rise to a high tran, polymer.

The spectrum and assignments for the polymer obtained from ReCI_ catalysi, are

shown in Figure S, with chemical shifts recorded in Table 4. The

high intensity signals at low field correspond to the weak signal, in the high

trant ponlwm-r. and hmce it is clear w have a himi cis polymer. The peaks arir &sa-"

to the TH, TT, HH and HT environments. Normally the TH and HT signal must

have the same intensity. this is also true for the HH and HT

peaks. In this case. however, one of the cent-al limb, of the CF. Eroup

overlaps with the cis !H and HT resonances, making these signals corre_.pondincly

more intense. Taking this into account the TH, TT. PH and iT signals have

approximately the same intensity, indicating the polymer has an equal distribution of

these assembly modes. In the two high trans polymers derived from the endo monomer r T

environments were both present as evidenced by the splitting of the vinylic carbon

in HH assembly modes, in this example we see no such splitting and this leads

to the conclusion that this polymer has an all meso -or a]l racemic dyad assembly

although which particular form cannot be distinguished on the basis of the available

data. The weak signals at low field correspond to the trans olefinic signals.
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Figure 5. 13C Xmr spectrum of poly(endo-4--trlfluoromethyl-I,3-Cyclopentylenle-
vinylene) prepared by ReCl 5 initiation, recorded as a solution in

(CD,)2C0 at 90.S6 Hz with THS as internal reference. a) The complete

spectrum, b) DEPT spectrum showing Cll normally and C.I2 inverted and

c) DEPT spectrum showing only CII carbons.-2
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The c value calculated from these signals is 0.92. At low field the spectrum i,c

very different from that of a high trans polymer. The C-5 signal still appears

at lowest field but is poorly resolved in this spectrum. The C-I and C-4 signal,

are identified with the aid of a DEPT spectrum. These signal overlap, and the

fine structure observed cannot be satisfactorily deconvoluted. The C-6 resonance,

appears as a broad singlet at highest field, the broadening is probably a result

of HTHH effects. The C-7 resonance apparently consists of 3 signals in the ratio

1:2:1. there are four possible situations for this carbon sianal arisinE from

head or tail orientation of adjacent substituents (TT HT: TT HH; HT HT: HT Htif

and the observation of a triplet structure indicates coinciden,, of two environm.nt,.

The weak intensity 5 i gnals are clearly assigned to carbon a..eociated with

tran- doubl, bon., but in this case the hiih field sin. do not FrovNide g:dJ

evidence to confirm the as-ijcnment obtain-di from the low field si-ntl- r.Inc-

the pectrum qualit, : not ,,oJ enouzh. H-e',,-ver, rood e, i ..noe to confirm

r>_-si.con: t of a hi ,--h c -; polymer cornle t ro7 the inft,4r, p-. ctri-m of thi pr.,I,:,t

which shows a strong cis vinyiene C"! out of ilane bani at 70 ; m
- I 

an'
4 onI a,

-1
very w.az band for the tran, vinyl one unit, at (70 cm

Cnclu-;ion.

The detail,d ,nolv-,i of the high field 1'C nmr .pectra of pol! mers of

3-trifl uorometh lbi cyc 1o 2.2. 1 ]hept-2-ene toce-th,.: %,it h their infrared p+.-tra

leads to the following conclusions:-

(i) exo- -triflroromethylbicyclo[2.2.1]hept-2-ene gives with Os.I'

ring opened polymer with tran-, double bonds which is probably atactic;

(ii) endo-5-trifluoromethylbicyclo[2.2.1Jhept-2-ene gives a high trans atactic

polymer with both OsCl3 and MoC15;

(iii) it is likely that endo-5-trifluorometbvlbicyclo(2. ".1]hept-2-ene gives

an essentially stereoreaular cis (ac - 0.92) polymer with ReCl

but it has not been possible to prove this unambiguously nor to

identify whether the dyads are all rteso or all racemic.
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We belIieve that theseL resul ts raise in tere~.t imi qtet vor., c Qnc err nri Th,

factors controlling s;tereorezulation in metathc,,is ring open mrn poly7-r izui v

and are encouragin4 in- rega,,rd to, the objective of prepariurs.iorml.

fluoropol~r'ers.
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PAPER 4

THE RING OPENING POLYMERIZATION OF 2-TRIFLUOROMETHYLBICYCLO[2.2.1]HEPTA-

2,5~DIENE

ABSTRACT

2-Trifluoromethylbicyclo[2.2.l]hepta-2,5-diene undergoes

metathesis ring opening polymerization under the influence of

the initiators WCl6 /(CH 3 )kSn, MoCI5 /(CH 3 )4 Sn. ODCI3 , RuCl 3. IrCl 3

. and ReCl5 . The only product which displays evidence indicative

of stereoregulation is that derived from ReC S .

INTRODUCTION

The background and motivation for this work was set out in

the introduction to the first paper of this series(2). The

initial objectives being to investigate the polymerizability of

a range of fluorinated monomers with a variety of initiator

systems, and to establish the microstructure of the polymers

produced by analysis of their infra-red and nmr spectra,

particularly the high field l'C-nmr spectra. The variety and

complexity of microstructures possible as a consequence of

metathesis ring opening polymerization of polycyclic alkenes is

considerable(3), and in an attempt to simplify the analytical

task we started our investigation with symmetrically substituted

derivatives of bicycloi2.2.1]hepta-2.5-diene since the use of

such systems eliminated potential complications due to exo/endo

isomerism and head-head,tail-tail, and head-tail

placements(2,4). In this paper we describe our examination of

the polymerization of the racemic monomer

2-trifluoromethylbicycloC2.2.llhepta-2,5-diene (I), and a

comparison of the results obtained with those reported

previously(2) for the related symmetrical monomer,

2,3-bis(trifluoromethyl)bicyclo[2.2.llhepta-2,5-diene (11).



-58 -

LCL

U'

U.)

-c)
LO -



59 -

EXPERIMENTAL

The monomer for this work was prepared and purified by the

methods described previously(5). General experimental

techniques, polymerization procedure, and equipment details have

also been documented in earlier papers in this series. Table I

records the experimental details for the polymerizations. The

polymers were purified prior to analysis by successive

reprecipitation from acetone into methanol,and could be solvent

cast to give colourless transparent films.

Table 1. Polvmeriztion of 2-Trifluoromethylbicyclo[2.2.1lhept,-2,5-diene(I)

Catalyst Co-catalyst Molar ratio Solvent a Temp.b Time Yield C
(ml) 0 (hrs.) %

Cat.: Co-cat.: I ( C)

M°C5 Me Sn 1 : 2 : 200 C, 7 RT 5 mins. 50

WCl Me Sn 1 2 : 200 C, 4.6 1 RT 5 mins. -90
6 4

OsCl3  None I : 0 : 150 CE, 0.3 40 2j 25

3RuCI 3  None 1 0 150 CE, 0.141 40 65 5

IrCl 3  CF3 COOH 1 : 5 : 200 CE, 1.5 40 48 253 3C
ReCI5  None 1 : 0 : 200 C, 0. 3 60 48 _7

a C - chlorobeizene, CE- 1:1 (vol. for vol.) mixture of chlorobenzene and ethanol.

b RT - room temperature, roughly 15 + 5 0C. The polymerization was notably

exothermic, no monitor of temperature was placed in the reaction vessel.

c After re-precipitation and drying under vacuum for at least 24 hrs.

RESULTS AND DISCUSSION

The first point that emerges from this study is that it is

possible to polymerize monomer I with a widir range of

metathesis catalysts than monomer I. Table I lists six

different catalysts based on the chlorides of W,Mo,RuIr,Os and

Re all of which were successfully used to polymerize 1; by

contrast II was not polymerized in any of several attempts with

Ir, Os or Re based catalysts. While it is admittedly risky to
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read too much into a failure to achieve reaction this

observation implies that replacing one of the trifluoromethyl

groups in 11 by hydrogen has the effect of increasing the

monomer's susceptibility, even though the substituents concerned

are quite remote from the double bond undergoing reaction.

The fact that the polymerization of I with metathesis

catalysts leads to the production of polymers of overall

structure Il (scheme I) was established in an earlier study(5);

the questions at issue here are concerned with the geometry of

the vinylene units in the polymer chain and the details of

microstructure.

The infra-red spectra of these polymers (see figure 1) are,

as expected, dominated by the intense absorptions between 1350

and 110cm associated with the trifluoromethyl group: although

these bands are consistent with the expected structure no

structurally useful information could be deduced from them nor

from the C-H or C=C stretching absorptions in the 360 and

1650cm-1 regions respectively. However, the absorptions

characteristic of out-of-plane vinylic C-H bending are well

resolved and can be assigned with some confidence. The band

arising from the C-H at C-3 (scheme I 1i1) should have roughly

the same intensity relative to the absorptions due to the

trifluoromethyl groups in all the samples and the band at 866cm

satisfies this condition; by contrast the out-of-plane bending

modes for the vinylene C-H bonds should occur with variable

intensities dependant on the relative concentrations of cis and

trans geometries, and the bands at 970(trans) and 729cm
1 

(cis)

satisfy this requirement. It was something of a surprise to find

that five of the six infra-red spectra of these polymers were

virtually superimposable all displaying significant absorptions

at both 976 and 726 cm7, the exception was the spectrum of the

polymer prepared using ROCIS initiator in which the 976ci
1

band
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had almost vanished. The spectra of polymers derived via ReCI.

and MoCIS/(CH 3 ) Sn initiation are shown in Figure 1 to

illustrate the features discussed above.

The conclusion from this examination of infra-red spectra

is that ReCl$ initiation gives rise to a polymer with a high cis

vinylene content, which is consistent with other polymerizations

initiated by this compound(3,6), whereas all the other

initiators give significant proportions of both cis and trans

vinylenes, this last observation is something of a surprise

since IrCl3 ,RuCI3 . and OsCl3 have all shown a marked tendency to

give polymers with a high trans vinylene content with a variety

of related moromers(3,6).

Examination of the 13C nmr spectra confirmed the overall

conclusions drawn from the analysis of the infra-red spectra in

that, although there were some variations in both the quality

(SIN) and in the detail of resolved fine structure, the overall

appearance of the spectra was the same for all the polymers

except that prepared via ReCS initiation. The spectra recorded

for polymers obtained via OsCl3 and ReCI5 initiation are

reproduced in Figures 2 and 3 respectively.

In Figure 2 the DEPT spectra distinguish the quaternary

carbons and those carrying one and two hydrogens and make the

assignment of resonances as shown in the figure fairly

straightforward. Thus, the resonance at lowest field (140.4ppm)

is assigned to C-3 and its broadness is taken as evidence that

it represents the sum of signals from several non-equivalent

environments; the poorly resolved quartet centered at 135.9ppm

is assigned to C-2 with 3 - 38Hz; the multiplet between 133.3

and 131.7ppa arises from the different vinylene carbon

environments. and the quartet of doublets centered at 123.2ppm

with Jq=27@Hz indicates that the trifluoromethyl groups are
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Figure 2. 13C-nmr spectra for

poly(2-tri fluoromethyl-I .4-cyclopent-2-enylene

vinylene) prepared using OsC1 3 initiation, recorded

at 90.56MHz, (CD3 ) zCO solution, TMS internal

reference.
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Figure 3 13,C-nmr spectra for

poly(2-trifluoromethyl-1,4-cyclopent-2-enylens

vinylene) prepared using R@Cl! initiation, recorded

a t 9.56MHz, (COS) CO solution. T14S internal

reference.
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found in at least two non-equivalent environments in this

polymer. In the higher field region of the spectrum the

resonances due to the allylic methine units are distinguished

from the methylene resonances by the DEPT spectra, and the

mulitplet between 41.8 and 42.8ppm can be confidently assigned

to allylic carbons adjacent to a cis vinylene, with that between

47.2 and 47.5ppm due to allylic carbons adjacent to a trans

vinylene(2). The multiplicities of these resonances has so far

defied detailed interpretation but demonstrates that this and

the related polymers derived from W,MoRu and Ir initiation all

have both cis and trans vinylenes in the backbone. The

proportions of cis vinylene units can be calculated from the

relative intensities of the allylic carbon multiplets and the

values are recorded in Table 2. along with the analogous values

for polymers derived from I.

Table 2. Fraction of CisVinylenes (oC) for Samples of Poly(2-trifluoromethyl-
1,4-cvclopent-2-enylene vinylene)

Catalyst aC (calculated from allylic

carbon signals)

MoCI 5/Me 4Sn 0.30 0.13

WC 6/Me 4Sn 0.48 0.48

OsCl 3  0.45 no oolymer

RuCl3  0.44 0.28

IrCl 3  0.46 no polymer

ReCl 5  0.86 no polymer

The data presented in Table 2 indicate that the more readily

polymerized monomer I also displays a lower stereoselectivity in

polymerization with a variety of catalysts; thus, the very

active catalyst system WCI6/(CH3 ) Sn does not appear to
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discriminate between I and II giving roughly equal proportions

of cis and trans vmnylenes, whereas MoCl5 /(CH 3 )4 Sn and RuCl3 both

give a higher selectivity with II than with I, and the Os, Ir,

and Re chlorides fail to polymerize II at all.

The spectrum of the polymer produced via ReClS initiation

(Figure 3) was much simpler than those obtained from all the

other samples, although unfortunately the yield of this

polymerization was extremely low. The more selective ReCI

initiator gives a polymer with a high proportion of cis

vinylenes ( o0 9.86). At low field the C-8 and C-2 resonances

are easily identified with the aid of the DEPT spectrum. The C-3

vinylene carbon resonance appears at lowest field and is

considerably sharper than in the spectrum of the OsCl3 derived

polymer, indicating an increased structural homogeneity. The

carbon signals C-5 and C-6 appear as three lines in the

approximate ratio 1:2:1; the polymer has a high cis vinylene

content and these lines are provisionally assigned to the

THTT,HH, and HT environments, where the middle peak represents

coincidence of two environments. At high field the resonance for

the allylic carbons adjacent to cis double bonds consists of two

sets of two signals at 42.95 and 42.26ppm, and 42.70 and

42.U4ppm. This assignment is based on the fact that the total

intensity of the C-4 resonance must equal the intensity of the

C-I signal; the higher field signal in each pair has a lower

intensity than the low field signal. The C-7 resonance appears

as three lines in the approximate ratio 1:2:1; these signals are

assigned to the HH,HT,TH and TT effects from adjacent rings with

the middle signal again representing chemi:al shift equivalence

of two environments. It is possible that the observed resolution

of the carbon resonances could be attributed to mir effects in

an all HHTT or all HT polymer. However, when resolution due to
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m/r effects has been observed previously(3,6) it was usually in

the HH vinylene carbon environment. It seems unlikely that m/r

resolution would be observed for all signals, and there'ore it

is highly probable that this high cis polymer has an

approximately equal distribution of HHHT,TH and TT assembly

modes and with all m or all r dyads. It is, however, impossible

to determine unambiguously which is the case on the basis of the

available data. The fact that the HH and HT signals for C-I, and

the TT and TH signals for C-4 have slightly different

intensities suggests there may be a small degree of HHTT or HT

bias in the polymer. In those cases where unambiguous proof is

available(3,7) ReClS initiation of ring opening polymerization

of substituted norbornenes leads to a cis-syndiotactic

microstructure, so these observations are not inconsistent with

related literature data. It was not possible to derive any

detailed analysis of the multiplicities observed in the spectra

of other samples. It does appear, however, that in the other

samples the number of resolved lines is higher than would be

expected for highly stereoregular polymers and therefore that

these materials were probably atactic.

CONCLUSIONS

The racemic monomer

2-trifluoromethylbicycloc2.2.llhepta-2,5-diene is more readily

polymerized by metathesis ring opening than its

2,3-bis(trifluoromethyl)bicyclo(2.2.llhepta-2,5-diene analogue.

Five of the six initiator systems investigated appeared to give

largely &tactic products, the sixth (ReCl) gives a polymer with

a high cis vinylene content and, although there appears to be a

mixture of head-head-tail-tail and head-tail monomer placements,

it is possible that the cis sequences have a high level of

tacticity.
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